The 
Synthesis of mRNA in eukaryotes requires a complex assembly of proteins comprised of the multisubunit RNA polymerase II (Pol II) and a collection of additional factors, TFIIs, that are necessary to assemble a transcriptionally competent complex at the promoter and initiate transcription (1) . This complex structure, known as the preinitiation complex (PIC), assembles in a stepwise fashion, beginning with the distortion and bending of the DNA by the TATA box-binding protein (TBP) (or as the complex TFIID) whose interaction with DNA is stabilized by TFIIA and TFIIB. The polymerase is recruited to this highly distorted promoter architecture by the factor TFIIF (2) . Although eight oligomeric complexes make up the complete PIC, only TFIIF appears to play the dual role of promoting assembly of a PIC and participating in transcript elongation (3) . TFIIF is a heterodimeric factor comprised of 30-kDa (Rap30) and 74-kDa (Rap74) subunits which deliver Pol II to the growing PIC as a preformed complex with the enzyme (3) . Although the small subunit of TFIIF appears to be sufficient for Pol II recruitment to the PIC, genetic and biochemical analyses suggest important roles for both subunits in stabilization of the PIC through direct interactions with TFIIB and for transcription initiation (4) (5) (6) (7) .
The observation that Pol II enters the PIC as a preformed complex with TFIIF is reminiscent of the role of bacterial factors in bacterial core polymerase recruitment to a promoter. In Escherichia coli, 70 is responsible for core polymerase recruitment to most bacterial housekeeping genes. 70 is a 613-aa polypeptide with distinct functional domains which recognize the promoter sequences at two positions upstream of the transcriptional start site (Ϫ10 and Ϫ35) and form direct contacts with subunits of the core polymerase (8) . Functional analysis of Rap30 localized regions of the protein responsible for Pol II binding to the middle of the molecule while an independent domain required for initiation localized to the C-terminal 86 amino acids, a region that appears to direct nonspecific binding to DNA (9, 10) . This domain architecture functionally resembles the polymerase-binding and DNAbinding domains of E. coli 70 and Bacillus subtilis 43 despite little sequence similarity between them (8) (9) (10) (11) (12) . Interestingly, Rap30 cosediments with E. coli core RNA polymerase in glycerol-density gradient centrifugation, an effect that can be overcome by addition of excess 70 . These data suggest a true functional homology between these two polymerase recruitment factors presumably mediated by a similar structural architecture (13) .
The ability to uncouple Pol II-binding and DNA-binding functionalities of Rap30 suggested that Rap30 may be comprised of at least two structured domains. To this end, the DNA-binding domain (DBD) of human Rap30 was overproduced and its three-dimensional structure was solved by multinuclear, multidimensional NMR. The structure reveals that the DBD of human Rap30 (hRap30) is remarkably similar to linker histone H5 (14) and the hepatocyte nuclear transcription factor HNF3/fork head (15) , both members of the eukaryotic ''winged'' helix-turn-helix (HTH) DBD family. The structure of the hRap30-DBD suggests that Rap30 may act as a PIC condensation factor by binding within the bent DNA environment induced by the TBP and helping to organize Pol II into a transcriptionally competent architecture. The functional relationship between Rap30 and bacterial s hints that a similarly acting domain may lie within the factors themselves.
MATERIALS AND METHODS
Protein. The C-terminal 86 amino acids of hRap30 (amino acids 164-249) were subcloned into pET11d (Novagen) and expressed in HMS174(DE3) in defined media containing 15 N-NH 4 Cl and/or [ 13 C]glucose as sole nitrogen and carbon sources, respectively. The expressed protein was purified in Tris buffer using phosphocellulose followed by chromatography on Mono-S. Chromatography on phosphocellulose revealed the presence of two forms of the domain, determined by mass spectrometry to be full length and N-terminally truncated at amino acid 169. The full-length construct was further purified on Superdex 75, concentrated to 1.2 mM, and dialyzed against 10 mM sodium phosphate, 50 mM NaCl, and 1 mM NaN 3 (pH 7.2). Purity and homogeneity were determined by denaturing SDS/PAGE and matrix-associated laser desorption ionization mass spectrometry.
NMR Spectroscopy. All NMR experiments were carried out at 24°C on either a Bruker DMX500 or DMX600 spectrometer equipped with a z-shielded gradient triple resonance probe. The sequential assignment of the 1 H, 13 C, and 15 N chemical shifts of the hRap30-DBD was achieved by means of throughbond heteronuclear correlations along the backbone and side chains using the following three-dimensional experiments:
J NH␤ coupling constants were obtained by quantitative J correlation spectroscopy (19) . Nuclear Overhauser effects (NOEs) involving protons of the protein were obtained from three-dimensional 15 N-separated, threedimensional 13 C-separated, and four-dimensional 13 C/ 13 Cseparated NOE spectra (mixing times of 120 ms, 50 ms, and 140 ms, and 120 ms, respectively) and a three dimensional 15 N-separated rotating-frame Overhauser effect spectrum recorded with a 30-ms mixing time and 6-kHz spin-locking field.
DNA-Binding Titration. A 16-bp oligonucleotide duplex sequence was derived from the sequence of the HIV-2 promoter (5Ј-GATATACCCGCTGCTC-3Ј; C. Parada and R. G. Roeder, personal communication), synthesized by standard phosphoramidite chemistry, and purified as described (20) . The DNA was exhaustively desalted by dialysis against 10 mM sodium phosphate (pH 7.2) subsequent to concentration to 4.2 mg/ml. DNA was titrated into a 0.3 mM sample of 15 H correlation spectroscopy. Structure Calculations. NOEs within the protein were grouped into four distance ranges, 1.8-2.7 Å (1.8-2.9 Å for NOEs involving NH protons), 1.8-3.3 Å (1.8-3.5 Å for NOEs involving NH protons), 1.8-5.0 Å, and 1.8-6.0 Å, corresponding to strong, medium, weak, and very weak intensities. One-half angstrom was added to the upper bounds for distances involving methyl groups to account for the higher apparent intensity of NOEs involving these groups. Distances involving methyl groups, aromatic ring protons, and nonstereospecifically assigned methylene protons were represented as a (⌺r Ϫ6 ) Ϫ1/6 sum (21). Protein backbone hydrogen-bonding restraints (r NH-O ϭ 1.5-2.8 Å, r N-O ϭ 2.4-3.5 Å) within areas of regular secondary structure were introduced during the final stages of refinement. , , 1 , and 2 torsion angle restraints were derived from rotating-frame Overhauser effect, NOE, and coupling constant data (22) , and the minimum ranges used were Ϯ30°Ϯ30°, Ϯ20°, and Ϯ30°, respectively. The structures were calculated using the hybrid distance geometry dynamicsimulated annealing protocol (23) with the program XPLOR-3.843 (24) adapted to incorporate pseudopotentials for 3 J HN␣ -coupling constants (25) , secondary 13 C ␣ and 13 C ␤ chemical shift restraints (26) , and a conformational database potential (27) . There were no hydrogen-bonding, electrostatic, or 6-12 Lennard-Jones empirical potential energy terms in the target function. The backbone amide protons for residues 242-243 were not observed experimentally and very few nonsequential NOEs were observed to their side chains. Thus, the reported models do not represent the only possible conformation for the backbone of residues 241-243. Beyond residue 243, only intraresidue and sequential NOEs were seen and, as for the N-terminal 11 amino acids, they were excluded.
RESULTS
Structure Determination. The solution structure of the hRap30-DBD was solved by multidimensional, multinuclear NMR spectroscopy employing uniformly enriched 15 N and/or 13 C protein. Analysis of NMR spectra derived from protein constructions encompassing residues 90-249, 134-249, or 164-249 revealed that these truncated hRap30s contained a single, well-structured domain within the fragment 164-249 (data not shown). The balance of the protein, residues 90-163, appeared to possess no regular secondary structure in the truncated proteins prepared from bacterial expression systems. The structure described herein was therefore determined using the 164-249 construct; 1196 NOEs, 58 hydrogen bonds, 69 , 4 , 60 1 , and 19 2 restraints were defined from multinuclear nuclear Overhauser effect spectroscopy, rotating-frame Overhauser effect spectroscopy, and quantitative J correlation spectroscopy. There is some uncertainty in the orientation of the side chain of Lys236 due to the inability to resolve the chemical shifts of the side chain carbons and protons beyond C ␤ . The protein domain appears to behave as a monomer in solution as evidenced from size-exclusion chromatography and estimated amide proton relaxation rates (data not shown). The coordinate precision and the extent of agreement with experimental restraints for the family of 30 structures is described in Table 1 .
The hRap30-DBD Is a Member of the Winged HTH Family of DBDs. The hRap30-DBD is a compact ␣/␤ structure composed of 68 amino acids (residues 175-243) with highly disordered N (residues 164-174) and C terminii (residues ͗SA͘ is the family of final 30 simulated annealing structures excluding residues 164-174 and residues 244-249. *None of the structures exhibited distance violations greater than 0.4 Å, dihedral angle violations greater than 5°, or 3 JHN ␣ -coupling constant violations greater than 2 Hz. No restraints between protons separated by three bonds were utilized (approximately 600 NOEs). † The precision of the coordinates is defined as the average atomic rms difference between the 30 individual simulated annealing structures and the mean coordinates SA for residues 179-240. ‡ PROCHECK (50) was used to assess the overall quality of the structures for residues 174-243. G factors for ͞, 1͞2, and the overall G factor were Ϫ0.15, 0.25, and 0.00, respectively, for the ensemble as calculated within PROCHECK_NMR. 244-249). The overall fold of the domain is analogous to that of many eukaryotic transcription factors commonly referred to as the winged HTH motif (15) (Fig. 1) . The N-terminal ␣-helix (H1, residues 179-193) is followed by a short strand (S1, residues 196-197) of anti-parallel sheet which leads into the HTH element composed of ␣-helix H2 (residues 199-205), a four residue loop (206-209), and ␣-helix H3 (residues 210-219). The wing of the domain is formed by a five-residue loop (residues 226-230) between the C-terminal strands of antiparallel ␤-sheet (S2, residues 222-225 and S3, residues 231-234). This architecture closely resembles that of the hepatocyte nuclear factor HNF-3/fork head (15) and that of linker histone H5 (14) among eukaryotic factors as well as the prokaryotic domains derived from the biotin operon repressor protein BirA (28) and the LexA repressor (29) (Fig. 2) . The turn of the HTH element is, in one respect, more reminiscent of the prokaryotic HTH fold in that it is composed of only four residues, although the hRap30-DBD turn lacks the conserved Gly at position 2 common to many prokaryotic HTH motifs (30) . This contrasts with the five to eight residues seen in HNF-3/fork head, histone H5, the protooncogene products c-myb (31) and ETS1 (32-34,) and the POU-specific domain (35) . The helix crossing angle of Ϸ70°between H2 and H3 follows the paradigm for this DNA-binding motif.
The three-stranded anti-parallel sheet is highly twisted, a common feature among proteins of this class (Fig. 2) . The wing formed by residues in the loop of the ␤-hairpin in hRap30 displays a characteristic kink with a positive angle near 70°f or the third residue of the loop (His-229). This feature appears to be an important component in presenting this region to the phosphodiester backbone of the DNA in HNF-3/fork head (15) . The DNA-binding mechanism has not been experimentally established for H5; however, for such a common motif it would be expected that the general features observed in HNF-3 would also be present in H5 and therefore presumably also present in hRap30 (see below). The C terminus of the hRap30-DBD contains a pseudohelical turn (residues 235-239) which brings Tyr-239 into van der Waals contact with Ile220; numerous NOEs are observed between the side chains of these residues. The pseudohelical turn also promotes contacts to form among His-241, Tyr-242, and residues near the amino end of helix H1, acting as a sort of cap to close the hydrophobic core (Fig. 1) . Beyond residue 243, essentially no nonsequential interresidue NOEs were observed to the rest of the domain and these residues have been excluded from presentation. The same can be said for residues 164-174 for which only intraresidue or sequential NOEs were observed.
DNA-Binding Surface. The DNA-binding surface of the hRap30-DBD was examined by titration of an oligonucleotide duplex whose sequence was derived from a strong class II promoter in HIV-2 (Fig. 3) . The specific region chosen was determined by comparison to the adenovirus major late promoter to which hRap30 has been shown to crosslink at position Ϫ19 (36). Fig. 3 displays the result of the DNA titration. A continual shift of selected resonances was observed between 0.2 and 4 molar equivalents of added DNA. Although most residues were not affected by the DNA, significant changes in chemical shift were observed for main chain and side chain residues at the head of helix H2 (Asn-198-Lys-200), within the HTH-turn (Lys-207 and Gln-208), the exposed surface of helix H3 (Val-210, Val-211, Glu-215, and Lys-218), and residues in the wing (Lys-226, His-229, and Asn-231). The crosspeak for His229 was already very weak in the unliganded domain and almost completely disappears on addition of DNA. The most significant changes occur at the amino end of helix H1, specifically residues Arg-177, Ala-178, and Lys-180-His-182, suggestive of a local change in the position of the helix that may be due to direct interaction with the DNA. 
DISCUSSION
Functional dissection of hRap30 has shown that the heterodimerization surface for Rap74 and the DBD are located on opposite poles of the polypeptide, the N and C terminii, respectively (7, (9) (10) . The physical separation of these domains mirrors their apparent functional independence. Internal deletions within the C-terminal DBD do not disrupt heterodimerization but abolish transcription initiation, presumably due to a loss in the ability of hRap30 to interact with DNA or bind Pol II (10) . This can be readily understood from the structure of the hRap30-DBD. The derivative ⌬181-195 would obliterate the hydrophobic core of the domain, removing Val-183, Leu-184, Leu-187, Phe-188, Ala-190, and Phe-191, thereby destabilizing the entire structure of the domain. ⌬196-210 and ⌬226-240 would be expected to have two-fold effects, both removing part of the hydrophobic core (e.g., Leu-199, Leu-202, and Val-203 in ⌬196-210) as well as removing some of the anticipated participants in DNA binding, namely, the helix H2 and HTH-turn (⌬196-210) or the ␤-hairpin (S2-wing-S3) (⌬226-240), respectively. It is more difficult to assess the defect imparted by ⌬166-180 because this derivative appears to delete an unstructured albeit highly basic segment at the N terminus of the domain. The deletions ⌬136-150 and ⌬136-165 map within the Pol II-binding/elongation region and are defective in transcription initiation (10) . These regions are essentially unstructured in domain constructions extending from residue 90 to the C terminus (data not shown), suggesting that if the region 90-173 is structured in the context of the PIC, it would be induced to form either by Pol II binding or TFIIF oligomerization. Efficient reconstitution of transcription and elongation functions of TFIIF is dependent on coexpression of the two proteins (5). Heterodimerization of independently purified subunits requires partial denaturation and renaturation for stable association (37) . Although the purified subunits are each capable of binding Pol II in vitro, simple mixing of the subunits does not reconstitute elongation activity of TFIIF (5). These observations suggest that there is a conformational change in TFIIF that is dependent on both subunits. Since the elongation and Pol II-binding activities of Rap30 overlap in the unstructured 90-173 region (10), it is plausible that an induced conformation is necessary for reconstitution of fully functional TFIIF. The possibility that the N-terminally deleted constructs simply failed to fold properly cannot be excluded; however, the requirement for partial denaturation/renaturation for stable heterodimerization of independently expressed subunits argues against this. Denaturation/renaturation of the Nterminally deleted constructs does not introduce additional structured regions into the hRap30-DBD; NMR spectra of the refolded protein are identical to the native protein (data not shown).
Implications for Preinitiation Complex Assembly. The emerging theme of the PIC is one in which elements of nucleosomal architecture imposed by histones may be approximately preserved by histone-like factors in the general tran- (14), the HNF-3/fork head-DBD (15) , and the prokaryotic biotin operon repressor protein BirA (28) . C␣ superpositions were 1.9 Å (45 residues), 2.1 Å (42 residues), and 1.7 Å (38 residues) for H5, HNF-3, and BirA, respectively. (40) (41) (42) . The probable primary DNA-binding surface of the linker histone is essentially analogous to that observed in the x-ray structure of the HNF-3/DNA complex (15) and as defined in this study for the hRap30-DBD (Fig. 3) . A second functional surface is comprised of basic residues in the loop between H1 and H2 (Lys-40 and Arg-42) and a residue in the middle of H2 (Lys-52) which are associated with chromatin compaction (40) (41) (42) . Mutagenesis of this second surface precludes chromatosome formation in globular H5 (40) but not in a full-length linker histone variant H1° (41) . The importance of these residues to linker histone function was reinforced by gain-of-function mutations introduced into analogous regions of HNF-3 which enabled the formation of chromatosomes at a low level (42) . These data have led to the proposal that the primary nucleosomal binding surface for linker histones is within the major groove of DNA and that the second surface of contact is possibly responsible for binding adjacent regions of the nucleoprotein complex within or between nucleosome core particles (43) .
The orientation of linker histones on DNA has important implications for the role of Rap30 in PIC formation. Both linker histone and Rap30 bind DNA without sequence specificity, but prefer nonlinear DNA conformations. Crosslinking of Rap30 to DNA is TBP dependent and therefore presumably dependent on the bent DNA environment induced by TBP (36, 44) . Rap30 crosslinks in the adjacent turn of helix upstream and downstream of the TATA box (44, 45) . The observation that TFIIF may be a heterotetramer in solution (46) would suggest that one monomer of Rap30 is crosslinked in each major groove upstream and downstream of TBP, presumably via the DBD. Electron micrographs of PIC/DNA complexes indicate an Ϸ50 bp shortening of the DNA in the presence of IIF (44, 45) . It has been postulated that additional wrapping or compaction of promoter DNA occurs upon PIC formation on the basis of these electron micrographic images (44, 45) . Thus, in analogy to the properties of linker histones, Rap30 may to bind to a nonlinear DNA environment adjacent to the TATA box in the major groove and participate in the condensation of the PIC. The dramatic reduction in the copper phenanthroline footprint of IIB, IID, and Pol II on addition of a IIE/IIF extract supports a model in which either Rap30 or IIF is responsible for condensing the PIC, thereby accounting for the change in footprint size (47) . The question remains whether the portion of Rap30 which may be responsible for this effect is equivalent to the second functional region in H5 associated with nucleosome compaction. In Rap30, the equivalent segment between helix-1 and sheet-1 is only two amino acids in length and is not basic. An alternative possibility within Rap30 could be the unstructured 90-173 segment which might form an interaction surface either within the IIF heterotetramer or upon binding within the PIC. Further study will be necessary to identify the regions of Rap30 or IIF associated with DNA wrapping or condensation.
Relationship to Prokaryotic Factors. The ability of hRap30 to bind to Pol II and its role in recruiting Pol II to the PIC in eukaryotic transcription reflects the properties of the prokaryotic factors (8) . It is surprising to find that Rap30 could cosediment with the E. coli core polymerase depleted of 70 , an effect which could be suppressed by competition with excess 70 (13) . Despite these observations, there is no statistically significant sequence identity between the two proteins (48, 49) . The hRap30-DBD has been proposed to be most similar to region 4.2 of 70 and region 4.2 is thought to contain a HTH motif (11, 12) . It would be intriguing to find a similar structural topology in region 4. shown that there is structural homology between these protein domains, their functional surfaces are expected to be quite distinct in composition, consistent with the lack of significant amino acid identity between them.
